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ahe goal of the hybrid approach for hypoplastic left heart
syndrome (HLHS) is to lessen the cumulative impact of
taged interventions, thereby improving the quantity and
uality of life for our patients. This novel strategy of care
ccurs through a collaborative effort between congenital
eart surgeons and interventional cardiologists. In this same
pirit, the conduct of each component of the staged hybrid
rocedures is aimed at minimizing injury. Lessons learned
uring the development of this technique, in over 100 chil-
ren, have led to the technique highlighted below.
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he goal of the preoperative management of newborns with
LHS is to balance the systemic, pulmonary, and coronary
irculations. There are many strategies to accomplish this
oal. Our typical patient is supported with a prostaglandin
nfusion to maintain a patent ductus arteriosus (PDA), is
xtubated and breathing room air, receives oral digoxin and
asix, and is beginning enteral feeding. If he/she manifests
ulmonary overcirculation, a nitrogen hood is placed over
he head to create a subambient inspired oxygen content.
uring this period of time, an echocardiogram is performed
o establish the anatomy, to assure an unrestrictive atrial sep-
um, and to rule out retrograde, transverse aortic arch steno-
is. A general neonatal survey is performed, including head
nd abdominal ultrasounds. Parental counseling on the na-
ure of HLHS and treatment options is ongoing.
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Hybrid approach to HLHS 75Hybrid Stage 1
igure 1 Although these pro-
edures are ideally performed
n a Hybrid Suite that facili-
ates the needs of both the sur-
eon and interventional cardi-
logist, they can be done
afely in a traditional operat-
ng room with a portable, dig-
tal C-arm or a standard cath-
terization lab that meets OR
tandards for sterile proce-
ures. Anesthesia is induced,
ith the goal of extubation at
he end of the procedure. A
edian sternotomy is per-
ormed and a pericardial well
s established.
A stay stitch retracts the
ight atrial appendage inferi-
rly, while a second stay stitch
n the main pulmonary artery,
pposite the origin of the right
ulmonary artery (RPA), facili-
ates exposure. Two bands are
hen fashioned by cutting 1 to 2
m wide rings from a standard
.5 mm Gore-Tex (W.L. Gore
Associates, Flagstaff, AZ)
ube graft (3 mm graft for pa-
ients weighing 2 kg). Each
ing is opened and a 5-0 hori-
ontal mattress stitch is placed.
PA  main pulmonary ar-
ery; PDA  patent ductus
rteriosus; RA  right atrium;
PA right pulmonary artery.
76 M. GalantowiczFigure 2 Using minimal dissection, the RPA is encircled between the diminutive ascending aorta and the superior vena cava.
Care is taken to come around the vessel without including any local tissue so that the band tightness is solely determined by
band diameter and not compromised by additional tissue between the band and the pulmonary artery. The band is then
passed around the RPA and closed with the horizontal mattress suture. An additional stitch is placed through the band and
tacked proximally to the local adventitia to resist band migration. The tightness of the band is an intraoperative decision based
on the child’s weight, pulmonary artery size, and the response of the systemic blood pressure and saturation on band
tightening (typically a 10-point increase in blood pressure and drop in saturation). However, experience has shown that
bands tightened to approximately 3.3 mm (slightly smaller than the original diameter of the shunt) will adequately balance
the circulations and protect the pulmonary bed, while not becoming too tight with resultant cyanosis as the child grows to
around 5.5 kg at 6 months of age, when the comprehensive stage 2 procedure is performed. RPA right pulmonary artery.
Hybrid approach to HLHS 77Figure 3 Exposure of the left pulmonary artery (LPA) is greatly facilitated by the surgeon moving to the left side of the
patient. This simple but atypical move enhances one’s ability to accurately place the band just at the origin of the LPA.
On the left side, the takeoff of the upper lobe branch is earlier than on the right, putting it at greater risk for compromise
if the band is positioned more distally. Gently pushing the left atrial appendage down with a gauze and retracting on
a stay stitch opposite the LPA enhances exposure. The cardiac anesthesiologist should be alert at this point, because
manipulation of the atrial appendage can lead to arrhythmia and/or because there may be a transient decrease in blood
pressure when the heel of the right angle clamp abuts the PDA while coming around the LPA. Once the LPA is encircled
with minimal dissection, the band is positioned, closed with a horizontal mattress stitch, and tacked to the local
adventia. Again, on closing the second band, the typical changes in hemodynamics (10-point increase in blood pressure
and 10-point decrease in saturation) are manifest. If there are concerns about band tightness, additional visual
inspection coupled with angiographic assessment is possible. LAA  left atrial appendage; LPA  left pulmonary
artery; MPA  main pulmonary artery.
78 M. GalantowiczFigure 4 Direct sheath insertion in the main PA prevents a sheath or wire coursing through the heart from the femoral
vein across the tricuspid and pulmonary valves en route to the PDA, holding the valves incompetent with resulting
hemodynamic compromise or, rarely, valve injury. However, the distance from the tip of the sheath to the appropriate
proximal position of the PDA stent is quite short; therefore, there are some important technical points for success. To
create an external marker on the 6-Fr sheath, a silk tie is secured 1 to 2 mm from the tip to limit its extent within the
PA lumen. The sheath is then inserted in the main PA as proximally as possible, optimally just above the sinotubular
post between 2 sinuses, and secured. Because the sheath will need continuous manipulation by the interventional
cardiologist during the deployment of the PDA stent, we prefer to manually secure the sheath. Ao  aorta.
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Hybrid approach to HLHS 79It is our practice to not address the atrial septum at this set-
ing. We have found that delaying the balloon atrial septostomy
ntil the patient is ready for discharge allows some growth of the
eft atrium in a more stable patient. This allows the interven-
ional cardiologist to perform a percutaneous balloon septos-
omy using a standard 2 mL balloon, which affords a more
eliable, durable, unrestricted interatrial opening.
nterstage
nterstage monitoring is vital to the success of the hybrid
Figure 5 At this point, the interventional cardiologist joi
for lateral projections. Meanwhile, the prostaglandin infu
into the descending thoracic aorta and an angiogram is
length, an appropriate PDA stent is chosen. The sten
confirmation of its position. The goal is complete cove
transverse aortic arch. If necessary, a second stent can b
Once hemostasis is assured, the pericardium, sternum, a
the patient is extubated in the operating room. PDA pproach and helps to optimize the outcome of the sec- tnd-stage operation (Comprehensive Stage 2). A home
onitoring program coupled with every other week
ardiology assessment is recommended. Echocardiogra-
hy is used liberally to assess for obstruction at the atrial
eptum, through the PDA stent, as well as antegrade or
etrograde into the transverse arch. Any sign of obstruc-
ion, worsening right ventricular function, or tricuspid
egurgitation warrants a cardiac catheterization. The ob-
truction can almost always be successfully treated in the
atheterization laboratory, with return to baseline func-
procedure as the angiographic equipment is positioned
discontinued. A wire is then passed through the sheath
ed. Guided by measurements of the PDA diameter and
ployed through the sheath followed by angiographic
f the PDA, which spans the area from the LPA to the
yed. The sheath is removed and the purse-strings tied.
n are closed. Typically a chest tube is not necessary and
ductus arteriosus.ns the
sion is
obtain
t is de
rage o
e deplo
nd skiion.
80 M. GalantowiczComprehensive Stage 2
Figure 6 Ideally, the second stage procedure, Comprehensive Stage 2, is performed at 6 months of age, when the lungs
have matured and their vascular resistance is low. The conduct of the operation is aimed at minimizing end-organ
ischemia, including minimizing cardiac cross-clamp time. Therefore, there is no period of circulatory arrest, while the
majority of the operation is done on bypass with the heart beating. This is facilitated by cannulating the transverse aortic
arch at its junction with the innominate artery. Pulmonary runoff is then controlled by clamping the PDA. All of the
pulmonary artery work can be performed with the heart beating: band removal, main PA and PDA division, pulmonary
artery reconstruction, and bidirectional Glenn connection. Because the band material incites minimal local scarring, the
bands can easily be dissected free and removed. LPA  left pulmonary artery; RPA  right pulmonary artery.
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Hybrid approach to HLHS 81igure 7 Once the bands have
een removed, the confluence
f the pulmonary arteries is
solated by dividing first the
DA stent, and then the main
ulmonary artery. To main-
ain a bloodless field with the
eart beating, the main PA
tump on the cardiac side is
emporarily oversewn. The
ortion of the PDA stent in the
onfluence of the pulmonary
rteries is easily peeled out
ompletely. A decision is next
ade regarding how to recon-
truct the confluence of the pul-
onary arteries. MPA  main
ulmonary artery; PDA 
atent ductus arteriosus.
82 M. GalantowiczFigure 8 There is often too much pulmonary artery tissue in the pulmonary segment between the 2 bands and the PDA
stent. Another component in this decision is whether or not to augment the LPA in the area of the previous band. The
RPA is not an issue, because the cavopulmonary anastomosis is made across this area, creating an onlay patch that nicely
augments the area of the RPA band. There are 3 techniques typically used to reconstruct the confluence of the
pulmonary arteries based on the need for LPA augmentation and the degree of excessive main pulmonary artery tissue.
The simplest solution is to oversew both the PDA and the main PA sides (A). The next is to patch both sides, with or
without extension into the LPA (B). The most comprehensive option is to excise the anterior wall of the confluence of
the main PA, removing much of the excess tissue, as one might do in the correction of absent pulmonary valve
syndrome. This opening is then extended leftward past the area of the previous LPA band. Then a patch of bovine
pericardium is fashioned and sewn in place. This nicely augments the LPA while recontouring the confluence of the
pulmonary arteries to a more normal caliber (C).
Once completed, a bidirectional cavopulmonary anastomosis is created on the right. If there is aortic atresia, the atrial
septectomy can be performed now on the beating heart; otherwise, it can be done after cross-clamping. MPA  main
pulmonary artery; RPA  right pulmonary artery.
Hybrid approach to HLHS 83Figure 9 Preparation for the aortic arch reconstruction starts by repositioning the aortic cannula into the innominate
artery and controlling the head vessels with snares. The diminutive ascending aorta is divided, allowing cardioplegia to
be given in the proximal end. If it was not already done, the atrial septectomy is performed. Next, we prefer to reimplant
the divided ascending aorta directly into the pulmonary artery root, as one would reimplant a coronary artery button
during an arterial switch procedure. Repeat doses of cardioplegia can be easily given if necessary.
84 M. GalantowiczFigure 10 With regional cere-
bral perfusion (along with so-
matic perfusion via collaterals),
one proceeds with complete re-
moval of the PDA stent from the
aortic arch, without the time
pressure of circulatory arrest. A
clamp on the distal descending
thoracic aorta is necessary to
maintain a bloodless field. The
PDA clamp is removed and the
PDA along with the stent is cut
back to the aorta. The remain-
der of the stent extending into
the aorta is opened longitudi-
nally along the inner surface. A
plane can then be established
between the stent and the aorta,
allowing the stent to be com-
pletely removed.
Hybrid approach to HLHS 85Figure 11 The aorta is then reconstructed with a patch of pulmonary homograft. Finally, an end-, reconstructed aortic
arch, to-end, main pulmonary artery, anastomosis is performed. The patient is rewarmed, started on milrinone, and
weaned from bypass. We recommend a completion angiogram to assure unobstructed flow from the superior vena cava
into both branch pulmonary arteries. The sternum and skin are closed and the patient is typically extubated in the
operating room.
